Symmetric sodium-ion batteries (NIBs) have become a research focus since they employ bi-functional electrode materials as both the cathode and the anode, resulting in reduced manufacturing cost and simplified fabrication process. Layered oxide bi-functional materials have received great attention recently, while phosphate analogues have rarely been involved in the same energy storage system. Herein, we report a new phosphate compound of Na 3 Co 0. As a promising alternative to lithium-ion batteries (LIBs), roomtemperature rechargeable sodium-ion batteries (NIBs) have become a research focus for large-scale energy storage applications because of the natural abundance and low cost of sodium resources. 1,2 However, one of major issues for developing NIBs is to nd suitable electrode materials that can accommodate sodium-ions with sufficient capacity and reversibility.
As a promising alternative to lithium-ion batteries (LIBs), roomtemperature rechargeable sodium-ion batteries (NIBs) have become a research focus for large-scale energy storage applications because of the natural abundance and low cost of sodium resources.
1,2 However, one of major issues for developing NIBs is to nd suitable electrode materials that can accommodate sodium-ions with sufficient capacity and reversibility. 3, 4 To date, great efforts have been made in the search of cathode or anode materials, and usually a sodium-insertion cathode designed in a sodium-rich state (a discharged state) acts as a sodium-ion reservoir to provide removable sodiumions for the sodium-decient anode, so as to enable a rocking chair NIB. 5, 6 Based on this understanding, most designs of sodium-ion full-cells are asymmetric, i.e., one side is consisted of sodium-rich transition metal oxides, Prussian blue analogues or polyanionic compounds, while the other side is sodiumdecient metal oxide, carbon-based or alloy materials. [7] [8] [9] [10] [11] [12] [13] As comparison, symmetric NIBs are promising from a commercial standpoint because this so-called bi-functional material can simplify electrode design and reduce manufacturing cost in a single powder preparation and slurry casting process for both the positive and negative electrodes.
14 In light of redox couples of different transition metals (TMs) in layered oxides (O3-type or P2-type), full symmetric NIBs with the same active material in both the cathode and anode have been proposed recently. 15, 16 In parallel, a suite of sodium polyanionic compounds have rarely been unveiled as bi-functional electrode materials showing commendable electrochemical properties.
17
Polyanions provide potential advantages such as good structural and thermal stability, at voltage response on sodium-ion (de)intercalation, and better capacity retention endowed by their structural energetics and robust frameworks.
18,19
Among different polyanionic frameworks, phosphate-based systems are arguably the best in terms of thermal and chemical stability. Importantly, the widely available commercialized material in LIBs, lithium iron phosphate, sheds light on us to develop safe phosphate analogues in NIBs. In addition, phosphate-based sodium compounds have the advantage of lacking signicant sensitivity to ambient atmosphere, i.e., H 2 O and CO 2 , which enabled them as a more promising candidate for commercialization when comparing to sodium layered metal oxides.
20,21
Herein, we reported the electrochemical performance of a new phosphate-based compound Na 3 The crystal structure of Na 3 Co 0.5 Mn 0.5 Ti(PO 4 ) 3 synthesized by the sol-gel method was examined by powder X-ray diffraction (XRD) and the pattern is shown in Fig. 1 . All diffraction lines of the XRD pattern can be indexed as a rhombohedral phase with a space group of R 3C. No impure crystalline phase was found in the pattern and the crystal structure was rened by the Rietveld method with the soware of GSAS. The renement result is shown in the ESI, Table S1 , † indicating that the as-synthesized Na 3 Co 0.5 Mn 0.5 Ti(PO 4 ) 3 material is a typical NASICON-structured compound, and the schematical unit cell is represented in the inset of Fig. 1 . In Na 3 Co 0.5 Mn 0.5 Ti(PO 4 ) 3 , TMO 6 (TM ¼ Co, Mn, Ti) octahedra and PO 4 tetrahedra share one corner to form a three-dimensional (3D) framework. Two independent types of sodium-ions are located in interstitial sites of the framework with different oxygen environments: a single interstitial site per unit cell with six-fold coordination (Na1 site) is occupied by a less mobile sodium-ion, while three equivalent sites per unit cell with eight-fold coordination (Na2 sites) are occupied by two mobile sodium-ions. Sodium-ions positioned at Na2 sites can be (de)intercalation for electrochemical activity. The morphology of Na 3 Co 0.5 Mn 0.5 Ti(PO 4 ) 3 was investigated by scanning electron microscopy (SEM) and transmission electron microscopy (TEM). As shown in Fig. 2a , Na 3 Co 0.5 Mn 0.5 -Ti(PO 4 ) 3 powder is irregular secondary particles and typically a few micrometers in size. High-magnication SEM image reveals that the worm-like microparticles consist of nanoparticles with interparticle pores (Fig. 2b) . TEM image conrms that the Na 3 Co 0.5 Mn 0.5 Ti(PO 4 ) 3 microparticles are composed of nanosized primary particles well dispersed in carbon matrix (Fig. 2c) . As shown in Fig. 2d , the presence of carbon was also conrmed by Raman spectrum, and the amount of carbon in the Na 3 Co 0.5 Mn 0.5 Ti(PO 4 ) 3 powder was determined to be ca. 7.6 wt% by thermogravimetric analysis (TGA, Fig. 2e ). Energy dispersive X-ray spectroscopy (EDS) test was carried out by pressing the Na 3 Co 0.5 Mn 0.5 Ti(PO 4 ) 3 powder into a pellet, and the elements of Na, Co, Mn, Ti, P, O, and C were found as shown in Fig. 2f . Furthermore, the chemical composition of the prepared sample was determined by inductively coupled plasma-optical emission spectroscopy (ICP-OES), and element analysis yielded the Na : Co : Mn : Ti : P mole ratio of 2.92 : 0.49 : 0.47 : 1.02 : 3, which is consistent with the Na 3 -Co 0.5 Mn 0.5 Ti(PO 4 ) 3 lattice within the error of the determination.
The electrochemical performances of the Na 3 Co 0.5 Mn 0.5 -Ti(PO 4 ) 3 electrode as cathode were rst investigated by cyclic voltammetry (CV) test in a half-cell system for NIBs. As shown in , corresponding to a relatively low coulombic efficiency of $62%. Aer initial three cycles of 0.1C, the cells were then tested with charge/discharge cycles such as various rate performances from 0.1 to 1C and galvanostatic cycling at a rate of 0.2C. As shown in Fig. 3c , in accordance with the CV data, the charge/ discharge curves, obtained even at the 1C rate, are characterized by two plateaus, i.e., the one at about 4.0 V and the other at about 3.4 V, delivering a reversible capacity of $38 mA h g
À1
. Furthermore, all the XRD peaks of Na 3 Co 0.5 Mn 0.5 Ti(PO 4 ) 3 shifted to higher angles when charging to 4.2 V, indicating a volume shrinkage owing to the extraction of sodium-ions from the NASICON structure;
28 and the diffraction peaks of the electrode recovered to its original state on discharging to 2.8 V (see ESI, Fig. S2 †) , which indicates the reversibility of structure change of the Na 3 Co 0.5 Mn 0.5 Ti(PO 4 ) 3 electrode during charge/discharge. However, the cycling stability of the Na 3 Co 0.5 Mn 0.5 Ti(PO 4 ) 3 electrode in Fig. 3d are not encouraging and the coulombic efficiency is only about 97% in the successive cycles. As mentioned above, the oxidation of electrolyte at the cathode surface is probable at high voltages.
29,30
The electrochemical properties of the Na 3 Co 0.5 Mn 0.5 Ti(PO 4 ) 3 electrode as anode were also evaluated in a half-cell system for NIBs. As shown in Fig. 4a, a 
31,32
In addition, the peak shape and peak position remained unchanged during the successive scans, indicating excellent reversible intercalation/deintercalation reaction of sodium-ions into/out of the Na 3 Co 0.5 Mn 0.5 Ti(PO 4 ) 3 lattice. The discharge and charge capacity of the rst cycle was about 56 and 52 mA h g À1 , respectively. Almost all of the inserted sodium-ions can be extracted from the interstitial site of TMO 6 octahedra, and the initial coulombic efficiency was $93%. Aer the rst cycle, the reversible capacity remained stable at $52 mA h g À1 and the coulombic efficiency kept at $100% (Fig. 4b) (Fig. 4c) . The Na 3 Co 0.5 Mn 0.5 Ti(PO 4 ) 3 electrode was well cycled at 0.2C with a negligible capacity decay up to 100 cycles (Fig. 4d) . Indeed, galvanostatic cycling still goes on and the Na 3 Co 0.5 Mn 0.5 Ti(PO 4 ) 3 anode constantly exhibited an excellent cyclability with capacity retention of 94% exceeding 550 cycles (see ESI, Fig. S4 †) , which is due to stable 3D framework of the NASICON structure that facilitates reversible intercalation/de-intercalation of sodium-ions without structural change for the Na 3 Co 0.5 Mn 0.5 Ti(PO 4 ) 3 anode (see ESI, Fig. S5 †) . Therefore, although Na 3 Co 0.5 Mn 0.5 Ti(PO 4 ) 3 offers a higher redox potential compared to the equivalent transition metal oxide owing to the inductive effect of the polyanions, whose strong covalent framework induces electron density away from the metal center, it presents good structural and thermal stability, a atter voltage response upon sodium (de)intercalation and better capacity retention endowed by their robust frameworks. 33 In these aspects, Na 3 Co 0.5 Mn 0.5 Ti(PO 4 ) 3 is a predominately promising anode material for high-performance NIBs.
In order to reduce the irreversibility effect of the Na 3 Co 0.5 -Mn 0.5 Ti(PO 4 ) 3 material, mainly in the cathode side in the rst cycle, cycled Na 3 Co 0.5 Mn 0.5 Ti(PO 4 ) 3 electrodes in the half-cells are used as both the positive and negative electrode in sodium-ion full-cells. In the cathode-limited cell, as shown in Fig. 5a , the capacity was normalized to 1.0 mA h for the anode charge and the capacity of the cathode relative to that of anode was reduced. Based on the mass of cathode, a reversible discharge capacity of 43 mA h g À1 was obtained at a rate of 0.1C in the rst three cycles as shown in Fig. 5b . Rate capability was also evaluated with different charge/discharge rates from 0.1 to Fig. 5c , the reversible capacity reaches to 33 mA h g À1 at a rate of 0.5C, and even at the rate of 1C, the discharge capacity remains at 30 mA h g
1C. As shown in

À1
, approximately 81% of the reversible capacity at 0.2C. With a rate of 0.2C, this symmetric full-cell offers 82% of capacity retention aer 100 cycles (Fig. 5d) . It is worthy to note that, at the upper limited voltage of 2.5 V, for the cathode-limited full-cell, the potential of the cathode remains at 4.2 V vs. Na/Na + (point A in Fig. 5a ), while that of the anode drops to 1.7 V (point B in Fig. 5a ); and at the lower limited voltage of 0.4 V, the potential of the cathode drops to 2.8 V (point C in Fig. 5a ), while that of the anode is still at 2.4 V (point D in Fig. 5a ). Therefore, compared with anode-limited full-cell, the cathode-limited symmetric NIB of Na 3 Co 0.5 Mn 0.5 Ti(PO 4 ) 3 exhibited higher average discharge voltage in behavior of two distinct voltage plateaux at 1.8 V and 1.2 V as shown in Fig. 5b , and hence higher energy density of ca. 30 W h kg À1 was obtained based on the total mass of the cathode and the anode. However, the cycling stability was thus decreased because the oxidative decomposition of the electrolyte on the cathode surface is quite prominent at high voltage of 4.2 V in the cathode-limited cell, showing low coulombic efficiency of $96% in Fig. 5d . Therefore, it can be provided an excellent balance between energy density and cycling stability in optimizing the weight ratio of the cathode to that of the anode for this bi-functional electrode material of Na 3 Co 0.5 Mn 0.5 -Ti(PO 4 ) 3 in symmetric NIBs. In summary, a new phosphate-based compound of Na 3 Co 0.5 Mn 0.5 Ti(PO 4 ) 3 was prepared by a facile sol-gel method, and was investigated as a positive and a negative electrode material for rechargeable NIBs. Both electrodes can be reversibly cycled in potential windows of 2.8-4.2 V and 1.6-2.8 V, and the negative electrode exhibits an impressive cycling stability with capacity retention of 94% exceeding 550 cycles at a rate of 0.2C. The use of Na 3 Co 0.5 Mn 0.5 Ti(PO 4 ) 3 as single active material, we constructed a symmetric NIB with an average operation voltage of 1.5 V and a specic energy of about 30 W h kg À1 .
Although the heavy framework of NASICON compound decreased the gravimetric energy density of the full-cell, Na 3 Co 0. PO 4 , and citric acid with stoichiometric ratio were dissolved in distilled water with magnetic stirring. Aer adjusting the pH value to $4.0 by using acetic acid, a diluted solution of tetrabutoxytitanium in ethanol was poured into the above solution to reach the nal stoichiometry under continuous stirring. The obtained mixture was evaporated at 80 C in a water bath and further dried at 120 C in an oven. The asprepared precursor was sintered at 350 C under argon atmosphere for 3 h, followed by 600 C for 12 h. The resulting material was grounded and sieved by 300-mesh for electrochemical and structural studies.
Material characterizations
The structure of the Na 3 Co 0.5 Mn 0.5 Ti(PO 4 ) 3 material was characterized by using X-ray powder diffraction (XRD, Empyrean200895, PANalytical B.V., Netherlands) with Cu Ka radiation. The XRD data was rened using GSAS Rietveld so-ware and the electrodes obtained by dissembling batteries cycled at various voltages were characterized using ex situ XRD. The morphology of the sample was investigated by scanning electron microscopy (SEM, Ultra55, ZEISS, Germany) and transmission electron microscopy (TEM, JEM2100, JEOL, Japan) equipped with energy dispersive X-ray spectroscopy (EDS) for elemental analysis. Chemical composition of the sample was determined by inductively coupled plasma-optical emission spectroscopy (ICP-OES, Optima5300DV, PerkinElmer, USA). Xray photoelectron spectroscopy (XPS) measurements were performed on a ThermoFisher Escalab250Xi equipment. Raman spectra were acquired on confocal Horiba LabRAM HR microscope using 532 nm excitation. Thermal gravimetric analysis (TGA) was measured by a Mettler TA Q500 analyzer.
Electrochemical measurements
All the electrochemical tests were conducted using 2025-type coin cells. The working electrode was prepared by spreading the mixed slurry of active material and polyvinylidene uoride (PVDF) binder in N-methyl-2-pyrrolidone (NMP) at a weight ratio of 9 : 1 onto Al foil, followed by drying at 120 C under vacuum overnight. For half-cell tests, sodium metal was used as the counter and the reference electrode. In the symmetric sodium-ion full-cell, Na 3 Co 0.5 Mn 0.5 Ti(PO 4 ) 3 was used as both the positive and the negative electrode. The electrolyte was 1.0 M NaClO 4 dissolved in ethylene carbonate (EC), propylene carbonate (PC), and diethyl carbonate (DEC) at a volume ratio of 5 : 3 : 2 with 5 vol% of uoroethylene carbonate (FEC) as electrolyte additive. Glass ber was used as separator. Cyclic voltammetry (CV) measurements were performed on a CHI 760D electrochemistry workstation (Beijing, China) at a scan rate of 0.05 mV s À1 . Galvanostatic charge and discharge tests were conducted on a LAND battery system (Wuhan, China) at room temperature.
